1. Introduction {#sec1}
===============

Concrete/mortar has been classified as the second most used material on earth after water \[[@bib1]\]. It is the most preferred construction material due to its unique properties such as high compressive strength and its flexibility to be applied in a wide range of environments. However, during its service life, concrete structures are subject to degradation/failures. While most of the concrete failures/degradation has been associated with ingress of aggressive agents such as carbon dioxide, chloride and sulphate ions \[[@bib2], [@bib3], [@bib4]\], it is important to consider the contribution of microorganisms in degradation of concrete structures.

Concrete structures placed in chemically aggressive environments such as sewer systems are susceptible to microbial degradation. Microorganisms present in sewer systems secret corrosive metabolites that are chemically aggressive to the concrete structures. This form of concrete degradation is referred to as microbial induced concrete corrosion (MICC). The chemicals produced by the microorganisms present in such environments damage the microstructure of the concrete/mortar resulting to reduced service life of the structure \[[@bib5]\].

The structural failures of the sewer systems associated with MICC forms part of the key problem of the subsurface infrastructure due to increased cost of repair \[[@bib6], [@bib7], [@bib8]\]. Apart from interfering with the durability and the integrity of the concrete structures, microbial degradation has a negative impact on environmental health and safety due to production of harmful gases such as hydrogen sulphide \[[@bib9]\]. According to Alexandra, 2014 \[[@bib8]\], the main microorganisms involved in biodeterioration of concrete are bacteria and fungi. The metabolic processes of bacteria and fungi produce biogenic carboxylic acids in agro-industrial conditions that adversely impairs concrete floors and storage structures \[[@bib5]\].

The range of acidic media capable of reacting with cement-based materials is comprehensive. It includes gaseous pollutants such as carbon dioxide, sulphur dioxide and nitrogen oxides, Organic acids such as lactic or acetic acid and mineral acids such as hydrochloric acid and/or sulphuric acid \[[@bib10], [@bib11], [@bib12]\]. Since microorganisms have the ability to constantly discharge either organic or inorganic acids, their effect becomes more intense than a one-time application of acid on the surface of the concrete \[[@bib13], [@bib14]\].

Sulphur oxidizing bacteria such *Acidithiobacillus species* has been identified as corrosive agents in sewer collection systems. These microorganisms have the ability to produce biogenic sulphuric acid through their microbial activities \[[@bib15]\]. The produced acid induces attack on the concrete surface by reacting with hydration products such as calcium hydroxide (CH) and calcium silicate hydrate (CSH) to form expansive products like gypsum and ettringite. As a result, internal cracking occurs due to increased volume and pressure. This leads to failure of such concrete structures \[[@bib16]\].

Assessment of concrete/and or mortar durability is of great significance for the structural integrity. While a lot of studies have focused on the ingress of aggressive materials such as carbon dioxide, sulphate and chloride ions into concrete structures, little attention has been given to effects associated with microbial activities. Bettina Huber *et al.*, 2016 \[[@bib15]\] in their work showed that the concrete deterioration as a result of biogenic sulphuric acid was comparable to the chemical sulfuric acid. Cleary, it implies that some microorganisms have the ability to degrade concrete surfaces. This paper presents a laboratory simulated analysis conducted to investigate the effect of *Thiobacillus intermedius* on compressive strength, setting time, soundness and sorptivity of ordinary portland cement. While this work focused only on OPC mortar, the authors are looking into further research on the influence of the *Thiobacillus intermedius* on pozzolanic and slag based cements in sewage set up systems.

2. Materials and methods {#sec2}
========================

2.1. Materials {#sec2.1}
--------------

Ordinary Portland cement of the grade 42.5 conforming to Kenya Standard KS EAS 18:1-2017 \[[@bib17]\] and ISO standard sand conforming to EN196-1 \[[@bib18]\] were used. The chemical composition of the cement used was as presented in [Table 1](#tbl1){ref-type="table"}. Chemicals of analytical grade (AR) were used to prepare the culture media and were purchased from Kobian Scientific Kenya Limited. The chemicals included Ammonium sulphate, (NH~4~)~2~SO~4~, Dipotassium phosphate, K~2~HPO~4,~ Calcium Chloride, CaCl~2,~ Agar, Manganese (II) sulphate monohydrate, MnSO~4~.H~2~O, Sodium thiosulfate pentahydrate, Na~2~S~2~O~3~.5H~2~O~,~ Magnesium sulphate heptahydrate, MgSO~4~.7H~2~O, Iron (III) chloride hexahydrate, FeCl~3~.6H~2~O. Distilled water was used to prepare the medium solution. *Thiobacillus intermedius* bacteria (DSM18155) was obtained from Leibniz-Institut DSMZ Deutsche Sammlung Von Mikroorganismen und Zellkulture GmbH in Germany.Table 1Composition of OPC test cement grade 42.5Table 1Test ParameterResult in %Al~2~O~3~5.2SiO~2~21Fe~2~O~3~3.2CaO64.5MgO1.2SO~3~2.2K~2~O0.25Na~2~O0.2Free CaO0.6IR1.35LOI0.3

2.2. Culturing of *Thiobacillus intermedius* {#sec2.2}
--------------------------------------------

Pure spores of *Thiobacillus intermedius* was cultured at the microbiology laboratory of university of Embu, Kenya. Liquid culture media for the bacteria was prepared in accordance with the supplier\'s manual. Distilled water of pH 7 and conductivity of 5.5 μS/m was prepared using industrial laboratory distiller model A4000D- Stuart Aquatron as per the supplier\'s manual. Specific quantities of each of the analytical grade materials were accurately weighed and dissolved in a 1000 mL distilled water as shown in [Table 2](#tbl2){ref-type="table"}. The resultant pH of the mixture was adjusted to 6.6 by using a mixture of sodium carbonate (Na~2~CO~3~) and sodium bicarbonate (NaHCO~3~) to conform to the recommended optimal growth pH of the bacterium \[[@bib19]\]. Autoclaving was done to sterilize the solution at a temperature of 125 °C. The solution was cooled to a room temperature and the spore of *Thiobacillus intermedius* introduced followed by 10.0 g of sodium thiosulphate and 12.0g of agar as the source of nutrients to the bacteria. Incubation of the bacteria was done in a shaker maintained at 30 °C for a period of 7 days. Concentration of the bacterial solution was maintained at 1.0 × 10^7^ mL/cell. The obtained bacterial solution was used for mixing cement mortar as well as curing the prepared prisms (see [Table 3](#tbl3){ref-type="table"}).Table 2Composition of Liquid Culture media for DSM 18155.Table 2ReagentAmount in grams(NH~4~)~2~SO~4~0.1K~2~HPO~4~4.0K~2~HPO~4~4.0MgSO~4~.7H~2~O0.1CaCl~2~0.1FeCl~3~.6H~2~O0.0MnSO~4~.H~2~O0.0Agar12.0Na~2~S~2~O~3~.5H~2~O10.0Table 3Setting Time, Normal consistency and Soundness Test Results.Table 3Setting Time (Minutes)Normal Consistency (%)Soundness (mm)ISTFSTOPC H~2~O (H~2~O)100180281OPC TI (TI)13023028.43.2

2.3. Casting/mortar preparation {#sec2.3}
-------------------------------

Mortar prisms were casted in moulds of size 40 mm × 40 mm x 160 mm as described in KS EAS 148:1-2000 \[[@bib20]\]. Three sets of test were conducted. The first set was the control sample which was prepared and cured in distilled water. The sample was labelled as OPC H~2~O (H~2~O). The second set of test samples involved the use of bacterial solution as mix water and distilled water as the curing media. The sample was labelled as OPC TI (H~2~O). The third set of test samples involved the use of bacteria solution both as the mix water and the curing media. The sample was labelled as OPC TI (TI). In all the sets, water cement ratio (w/c) of 0.5 was adopted. After casting, the test prisms were placed in a humidity cabinet set at 20°C ± 2 °C with relative humidity above 95% for 24 h. Demoulding was done and the prisms placed in respective curing media maintained at 25°C ± 1 °C.

2.4. Determination of compressive strength {#sec2.4}
------------------------------------------

The compressive strength of the cured mortar prisms was determined in accordance with KS EAS 148:1-2000 \[[@bib20]\] at 7^th^, 28^th^, 56^th^, and 90^th^ day of curing respectively. The compressive strength machine model YAW-300 was used. The obtained strength was calculated and expressed in Mpa.

2.5. Scanning electron microscopy (SEM) analysis {#sec2.5}
------------------------------------------------

Scanning electron microscopy analysis was determined for each set of the test samples after 28^th^ day of curing. The SEM model used was Zeiss Ultra Plug FEG-SEM. Mortar samples obtained from OPC H~2~O (H~2~O), OPC TI (H~2~O) and OPC TI (TI) were prepared for SEM analysis as described in Scrivener *et al.*, 2017 \[[@bib21]\] guide for microstructural analysis of cementitious materials. Isopropanol alcohol was used to stop the hydration while resin of the type ERL-4206 was used to impregnate the hardened cement mortar.

2.6. Normal consistency, setting time and soundness {#sec2.6}
---------------------------------------------------

KS EAS 148:3-2000 \[[@bib22]\] methods were adopted to carry out normal consistency, setting time and soundness tests. Cement pastes were separately prepared using bacterial solution and distilled water respectively. The cement paste prepared using bacterial solution was labelled as OPC TI (TI) while the control cement paste was labelled as OPC H~2~O (H~2~O). Normal consistency was determined and expressed in percentage whereas setting time was expressed in minutes and soundness was calculated and expressed in millimeters (mm).

2.7. Sorptivity testing {#sec2.7}
-----------------------

Vimal, 2009 \[[@bib23]\] defined sorptivity as the function of the increase in mass of test sample as a result of water absorption relative to the time that one surface is exposed to water. ASTM C 1585-04 \[[@bib24]\] method was used to carry out sorptivity test. The aim was to investigate the rate of water absorption by both microbial and control mortar prisms. The test mortar prisms cured for 28 days were dried in an oven set at 100 °C for 24 h. Each test prism was submerged in water at a level height of 5mm above the base of test mortar prisms with the 40 mm × 40 mm facing downwards at a regular intervals of 0.25 h, 0.5 h, 1 h, 1.5 h, 3 h, 5 h, 8 h, 24 h, 72 h, 96 h, 120 h, 144 h and 168 h. Each mortar prism was removed and new weight determined after drying the submerged surface with a clean towel. This was repeated up to 168^th^ hour when the saturation of water infiltration was reached. The sorptivity coefficient (k) was determined using [Eq. (1)](#fd1){ref-type="disp-formula"} below. The values of k were obtained graphically by plotting Q/A against the square root of time \[[@bib23]\].$$\text{Q/A} = \text{k}\ \text{t}^{1\text{/}2}$$

Q represents the amount of water absorbed in grams, A is the cross-section of the specimen in contact with water in cm^2^ and t is time of exposure in hours.

3. Results and discussion {#sec3}
=========================

3.1. Scanning Electron Microscopy (SEM) {#sec3.1}
---------------------------------------

SEM test results for OPC H~2~O (H~2~O), OPC TI (H~2~O) and OPC TI (TI) are as represented in Figures [1](#fig1){ref-type="fig"}, [2](#fig2){ref-type="fig"}, and [3](#fig3){ref-type="fig"} below for SEM images (a), (b) and (c) respectively. The test samples were exposed in bacteria solution for a period of 28 days. These SEM micrographs compared very well with other researcher\'s works already published \[[@bib25], [@bib26], [@bib27], [@bib28]\].Figure 1SEM image (a) OPC H~2~O (H~2~O).Figure 1Figure 2SEM image (b) OPC TI (H~2~O).Figure 2Figure 3SEM (c) OPC TI (TI).Figure 3

OPC H~2~O (H~2~O) as shown in [Figure 1](#fig1){ref-type="fig"} was dominated by high levels of hexagonal calcium hydroxide (CH) plates and calcium silicate hydrates (C-S-H) as the main hydration products. These hydration phases are filled in pore spaces initially occupied by water and unhydrated cement grains. The formed ettringite (Aft) could be as a result of the sulphate content from gypsum added to control the setting of the cement. There was no evidence of any crack formation in the control sample since the hydration products were compact and well filled in the pore system of the hydrated cement mortar.

OPC TI (H~2~O), as shown in [Figure 2](#fig2){ref-type="fig"}, was dominated by high levels of ettringite (Aft) crystal formation. This was attributed to ingress of sulphates from the microbial activity. Sand and Bock, 1984 \[[@bib29]\] and Diercks *et al.*, 1991 \[[@bib30]\] identified sulphur oxidizing bacteria present in sewage systems as accountable for production of biogenic sulphuric acid. Sulphuric acid when present in a cementitious material triggers dissolution and formation of expansive products like ettringite and gypsum. As described by Gutberlet *et al.*, 2015 \[[@bib31]\], the formed biogenic sulphuric acid from microbial activity reacts with the CH and C-S-H as the main hydration products of cement to form precipitates of gypsum and ettringite. The formation of ettringite reduces the quantity of calcium hydroxide and tricalcium aluminate content in the concrete/mortar matrix \[[@bib32]\]. Presence of ettringite contributes to increased stress within the pores of the mortar/concrete resulting to spalling and cracking. This observation could be associated with internal sulphate attack as described by Ihab, 2017 \[[@bib33]\].

Adverse effect of *Thiobacillus intermedius* was observed in OPC TI (TI) as shown in [Figure 3](#fig3){ref-type="fig"}. There was decrease in CH with an evidence of erosion on the hydration products and formation of cracks. The crack formation was attributed to expansive products like gypsum and ettringite (Aft) while reduced CH amounts was due to dissolution of CH by sulphuric acid as a result of bacterial activity \[[@bib14]\]. Sumit *et al.,* 2019 \[[@bib4]\] in their work associated spalling and cracking on concrete surfaces to accumulation of gypsum and ettringite crystals in the pores of the cementitious matrix. Several other authors have associated crack formation and expansion of mortar/concrete to gypsum and ettringite formation \[[@bib34], [@bib35], [@bib36]\]. The levels of calcium hydroxide plates decreased significantly in bacterial samples. This could be attributed to gypsum and ettringite formation as shown in Eqs. [(2)](#fd2){ref-type="disp-formula"} and [(3)](#fd3){ref-type="disp-formula"} below.$$\left. \text{C}_{3}\text{A}\  + \ 3\text{C}\bar{\text{S}}\text{H}_{2}\  + \ 26\text{H}\ \rightarrow\ \text{C}_{6}\text{A}{\bar{\text{S}}}_{3}\text{H}_{32}\ \left( \text{Ettringite} \right) \right.$$

3.2. Compressive strength performance {#sec3.2}
-------------------------------------

The compressive strength test for control and microbial mortar prisms was as shown in [Figure 4](#fig4){ref-type="fig"} below.Figure 4Compressive strength Performance of control mortar vis a vis microbial mortar at different curing ages.Figure 4

The test results shows that the strength of control mortar, OPC H~2~O (H~2~O) increased with increase in curing period. This was as expected because the rate of hydration increases with increase in curing period. In reference to SEM images for OPC H~2~O (H~2~O), the continual increase in compressive strength would as well be attributed to the formation of calcium silicate hydrate (CSH) which acts as the binding centers between the remaining unhydrated parts of the cement grains. The SEM image showed good formation of CH and C-S-H as hydration products, an indication that hydration had taken place well. Further, it was observed that the compressive strength of OPC H~2~O (H~2~O) did not increase significantly after 28 days. This is attributed to slow hydration process after 28 days for OPC based cements. Similar observations were made by Muthengia, 2009 \[[@bib37]\], Munyao, 2015 \[[@bib38]\] and Othmane *et al.*, 2012 \[[@bib39]\].

The compressive strength of mortar prisms prepared with bacterial solution, OPC TI (H~2~O), OPC TI (TI) compared with the strength of control, OPC H~2~O (H~2~O) at 7 days. Perhaps, it was early to observe the deleterious effect. However, the strength of the bacterial prepared mortar decreased significantly after 28 days of curing. This could be associated with the deleterious effect associated with *Thiobacillus intermedius*. As observed from SEM results, these test samples had significant amounts of ettringite and gypsum and reduced Ca(OH)~2~ content. Cracks were as well observed. These are clear indication of deleterious attack as a result of bacterial activity \[[@bib14]\].

The compressive strength decrease in microbial mortar was as presented in [Figure 5](#fig5){ref-type="fig"}. In both scenarios, OPC TI (H~2~O) and OPC TI (TI) there was a significant decrease in compressive strength with increase in curing period. Drastic decrease in strength of 34.98 % was observed after 90th day of curing. The decrease could be attributed to the formation of biogenic sulphuric acid from the microbial activities. The formed sulphuric acid reacts with calcium hydroxide to form gypsum and ettringite. These products are expansive and may lead to crack formation and hence failure of the concrete/cement structure. Further, the formed acid lowers the pH of the resultant mortar. Low pH is unfavorable for cement reaction which leads to low strength development. According to Bettina *et al.*, 2016 \[[@bib15]\], the damage of concrete surface associated with acid attack was dependent on pH. The authors further reported that microbially derived sulphuric acid had similar corrosion damage on the surface of hardened cement paste as chemical sulphuric acid.Figure 5Percent Compressive strength decrease of microbial mortar prisms.Figure 5

3.3. Setting time, normal consistency and soundness {#sec3.3}
---------------------------------------------------

The tests showed conformity in both OPC H~2~O (H~2~O) and OPC TI (TI) for setting time, normal consistency and soundness as described in KS EAS 148-3 \[[@bib22]\]. However, it was noted that there was appreciable increase in setting time and soundness for OPC TI (TI).This could be attributed to the effect of some reagents used to prepare the media culture for the bacterial growth. Some reagents used to prepare the bacteria culture were sulphate salts as indicated in [Table 2](#tbl2){ref-type="table"}. Sulphates are known to retard the setting time of cement mortar through formation of a diffusion barrier around the tricalcium aluminate phase. Presence of Mg (OH)~2~ from MgSO4.7H~2~O could have also contributed to the increase in soundness for the microbial paste. Mg (OH)~2~ causes cement soundness.

3.4. Water sorptivity {#sec3.4}
---------------------

Mortar prisms were subjected to sorptivity test for a period of up to 168 h. The results are as represented in Figures [6](#fig6){ref-type="fig"} and [7](#fig7){ref-type="fig"}.Figure 6Percentage gain in water absorption.Figure 6Figure 7Sorptivity Coefficients for Control and Microbial test mortars.Figure 7

From test results presented in Figures [6](#fig6){ref-type="fig"} and [7](#fig7){ref-type="fig"}, OPC TI (H~2~O) and OPC TI (TI) exhibited both high water absorption rates and sorptivity coefficients as compared to OPC H~2~O (H~2~O). This could be as a result of increased deterioration from the microbial attack. From SEM results, erosion of calcium hydroxide plates was observed with severe formation of multiple cracks. The formed cracks could have resulted from the formation of expansive products like gypsum and ettringite. Presence of cracks made the mortar to be more porous and hence increased water absorption rates. The observed phenomenon agreed with other observations made on sulfate attack \[[@bib4]\].

The low absorption rates and sorptivity coefficient observed in OPC H~2~O (H~2~O) could have been attributed to continued hydration. The formed hydration products was assumed to have sealed the pores within the hydrated mortar making it denser and hence reduced water absorption. As confirmed from the SEM results, OPC H~2~O (H~2~O) exhibited uniform distribution of hydration products with no evidence of any cracks. There was no appreciable increase in water absorption after 96^th^ hour of exposure on both control and microbial mortars. This was attributed to decreased capillary suction due to saturation of the test mortars.

4. Conclusion {#sec4}
=============

From the results of this work, the following conclusions were drawn:1.*Thiobacillus intermedius* bacteria affects the microstructure of the cement mortar. This could affect the durability of cement based structures2.*Thiobacillus intermedius* bacteria reduces the compressive strength of cement mortar.3.Setting time, normal consistency and soundness of OPC are greatly affected by the attack of *Thiobacillus intermedius* bacteria4.*Thiobacillus intermedius* bacteria degrades cement and hence increases the porosity of the cement material making it vulnerable to ingress of any potentially harmful substance
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